A statistical study was made for surface wind fields of tropical cyclones (TCs) at landfall on the main islands of Japan using the AMeDAS data. The analysis was performed for 70 TCs which made landfall on the southern part (south of 36 N) of the main islands during the period 1979-2004. The wind field within 200 km of each storm center was obtained by applying a composite analysis to hourly or tenminute observations for the four hours around landfall, with the direction of storm motion as the y-axis. Then the fuzzy c-means method (FCM), which is a kind of cluster analysis, was applied to classify the wind distribution. All but one of the resulting five patterns show stronger winds on the right side of the center than on the left, with different degrees of right-left asymmetry and the shapes of the strong wind area. The five patterns have some differences in the preferred season, central pressure, speed and direction of motion, and regions of landfall of storms. A supplementary analysis using the wind profiler data, available from 2001, reveals that the right-left asymmetry is roughly explained by the storm motion, although the storm-relative wind fields still have some asymmetry.
Introduction
From summer to autumn, Japan is occasionally attacked by tropical cyclones (hereafter TCs, including typhoons, severe tropical storms, and tropical storms, defined by maximum winds of b 64 kt, 48-64 kt, and 34-48 kt, respectively). The number of TCs which make landfall on the four main islands of Japan is 2.6/year on the 30-year average according to the best track data created by the Japan Meteorological Agency (JMA). The number of landfall amounted to ten in 2004.
The basic structure of TCs is axially symmetric, apart from the effect of storm motion (Fujibe 1996) , and higher-order features such as polygonal eyewalls and mesoscale vortices (Muramatsu 1986; Schubert et al. 1999; Kossin and Schubert 2004; Sato 2004; Mashiko 2005 ). There are a number of empirical formulas for wind and pressure distribution in TCs based on axial symmetry (Kurashige 1977; Leslie and Holland 1995) , with application in many research fields, such as statistical and wind engineering studies (e.g., Fujii 1998) .
However, TCs moving poleward into the middle latitudes begin to deviate from symmetric fields, as a result of increasing baroclinicity of the environment (Jones et al. 2003; Sinclair 2004; Kitabatake 2005) . Many TCs hitting the Japan main islands exhibit pressure distribution deviating from the symmetric pattern. For example, TC9119 (Mireille, 27-28 September 1991) was accompanied by stronger pressure gradient behind the center than in the front in passing western Japan, with a surge of strong wind in the left-rear quadrant (Fujibe et al. 2007 ). The effect of orography also causes distortion of the vortex (Yeh and Elsberry 1993a, b; Lin et al. 2002) . A number of studies for TCs passing Japan have indicated more complicated features such as mesoscale fronts, pressure dips, and topographically intensified winds (Yamamoto et al. 1963; Sakakibara et al. 1985; Fujibe et al. 1995; Matsumoto and Okamura 1985; Hayashi 2001, 2003; Saito 1994) , with large differences according to cases.
Although some statistical studies have been made on synoptic features of the extratropical transition (ET) processes of TCs (e.g., Sinclair 2004) , there is little statistical information of mesoscale wind distribution in TCs passing Japan. In the present study, surface temperature and wind fields for 70 TCs during 1979 TCs during -2004 were analyzed using the data of the Automated Meteorological Data Acquisition System (AMe-DAS), which provides surface observation data at nearly a thousand stations. The wind field of each TC was obtained using a composite analysis, in which data at different observation times were superimposed with respect to the storm center, in order to achieve a high degree of spatial resolution. Then wind patterns were classified using the fuzzy c-means method (FCM ; Bezdek 1981; Sakawa 1989) , which is a method of cluster analysis, but allows for partial membership to more than one cluster. In application to meteorological analysis, the FCM has been found to be suitable for obtaining a small number of representative patterns from among data with a large sample size (Fujibe 1989 (Fujibe , 1999 .
In Section 2, the procedure of composite analysis and the FCM are described. The resulting patterns, and their climatological features are shown in Section 3. Section 4 shows some examples of these patterns, as well as the upperlevel wind distribution obtained from wind profilers.
Data and procedure of analysis

Data
The spatial distribution of surface wind, temperature, and precipitation was analyzed using the AMeDAS data for 1979-2004. The time interval of observation is ten minutes for the period 1994-2004, and an hour for 1979-1993 . The wind data are ten-minute averages for both periods.
The data of surface wind are highly dependent on observational environments and the anemometer height, so that some adjustment is needed in using them. The power low is often used to adjust the difference in anemometer height, while more detailed inspection for each station is needed to standardize the effect of surface roughness (Kondo and Yamazawa 1986; Kondo et al. 1991) . Moreover, there is some long-term trends of wind speed arising from changes in observational environments (Fujibe 2003) . In the present analysis, the wind speed data were adjusted using the monthly average of daily maximum wind speed hU max i as
where U i and U 0 i are the original and adjusted wind speed at station i, respectively, and hU max; 0 i is the average of hU max i over all the stations. In order to avoid the influence of exceptionally strong wind at the typhoon attack, the largest three values in the month were omitted in obtaining hU max i. This adjustment is based on an assumption that hU max i should be spatially uniform if the anemometer height and local effects around the observation sites are uniform. Although this is a very crude assumption, U 0 gives much smoother wind fields than using the original data. The reason for using daily maximum, rather than daily mean wind speed, is that the former is likely to be more representative of nearly neutral stratification of the surface layer during a TC passage than the latter, which is affected by low wind speed under strong nocturnal inversion. The temperature data was adjusted to the sea level, with a lapse rate of 5 Kkm À1 , as done in some previous studies (e.g., Fujibe et al. 2007) .
A supplementary analysis for winds above the boundary layer was made using the data from the wind profiler network which entered into operation in 2001. The time resolution of the observation is ten minutes, and the vertical resolution is about 300 m, although there are some missing data due to poor signal quality. The number of profiler sites was 25 in 2001, and increased to 31 by May 2003. The cubic spline functions of Akima (1970) were used to interpolate the wind at a given mean sea level (e.g., 1.5 km high). Figure 1 shows the distribution of AMeDAS stations and wind profilers in September 2004. The networks have slightly changed after deployment, although these changes are not likely to affect the analysis described in the following.
The tracks and central pressure of the TCs were obtained from three-hourly best track data prepared by the JMA. The cubic spline functions of Akima (1970) were applied in order to interpolate them into smooth time series, which were used to generate data at every five minutes.
Case selection
Our analysis requires data points in all the quadrants of the storm. We therefore select such TCs that entered the main region of the AMeDAS network and moved inside to an adequate distance. For this purpose, the ''main network region'' was defined by a polygonal area surrounded by coastal stations (Fig. 1) , and the inward distance of the storm center from the boundary of the region, R in , was obtained for every five minutes during storm passage. The case used for analysis requires that R in exceeded 20 km within six hours of entrance to the region. If R in had a maximum value of >20 km within two hours of the entrance to the region, then the time of the maximum R in value was defined as the base time of the analysis ðt 0 Þ. Otherwise, t 0 was defined by the time that R in first exceeded 20 km.
The speed and direction of the storm motion at the time of landfall were defined from the difference of the storm center position at t 0 À 2 h and t 0 þ 2 h.
Method of composite analysis
The composite analysis can provide densely distributed data in the storm as long as its structure is unchanged with time, while most TCs begin to weaken after landfall. In the present study, the analysis was confined to the four hours, from t 0 À 2 h to t 0 þ 2 h, in order to avoid the influence of weakening. Figure 2 compares the central pressures at t 0 G 2 h, based on the interpolated best track data. There is some increase of central pressure, by 3.6 hPa on the average. However, this change is much smaller than the scatter among cases, so that it can be regarded to be of minor influence to the composite analysis. For the period 1979-1993, hourly data at four observation times in the period were used. For 1994 , data at 24 observation times with ten minute intervals were used.
The grids were spaced at a 5 km interval, with the origin as the storm center. The y-axis of the grids was directed to the storm motion, since wind fields in TCs are strongly influenced by storm motion. The 5 km grid size has sufficient resolution to express the temperature and wind fields observed in the AMeDAS network. The analysis area was defined as a circle of 200 km radius, corresponding to 5024 grid points. In the pattern classification (next subsection), values at every three grids (namely, 15 km intervals) were used in order to save the computer storage, corresponding to 556 grid points. The method of interpolating the values on the grids are described in the Appendix A. For the sake of comparison, a supplementary analysis was made by taking the y-axis oriented to the north, as briefly described in the Appendix B.
Since our interest is in the relative distribution of temperature and wind, their spatial mean was removed from the composite fields in each case. For temperature, the spatial mean was subtracted as
where Z gj is temperature at grid g in the case j, and Z j is its average over the grids. For wind,
where Z gj is any one of the u, v components and the wind speed, which have been normalized in Eq.
(1), and U j is the wind speed averaged over the grids.
2.4 Smoothing with the principal component analysis Before applying the FCM, the principal component analysis was used to filter out higherorder irregularities which may obscure the main features of temperature and wind distribution. The analysis was based on normalized variables
where z gj is any one of temperature, ucomponent, v-component, and wind speed at grid g in the case j, hz g i and s g are the average and standard deviation of z gj over the cases, and w g is a weight described later. If z gj is lacking for more than half of the total cases, z gj is not defined. The weight w g was defined by
where r g is the distance from the storm center, R ¼ 200 km, and a ¼ 0:1. This weight was used so that the central area may have a high contribution to the analysis. For the parameter a, analysis based on a ¼ 0:5 was made as well, for the sake of comparison (see Appendix B). Principal components were obtained by diagonalizing the covariance matrix generated from z gj . The leading 15 components account for 96.1% of the total variance for temperature, 93.1% for u-component, 94.1% for v-component, and 94.5% for wind speed. The score was obtained from the least-squares condition
where F jm is the score of the case j for the component m, A gm and l m are the eigenvector and eigenvalue of the component m, and M is the number of principal components (M ¼ 15, as described above).
Pattern classification
The FCM is based on the least-squares condition 
with a restraint
where b gk is the pattern of the cluster k, c jk is the membership of the case j to the cluster k, and p is a given parameter controlling the resolution of clustering. The suffix s indicates any one of u-and v-components and wind speed. The result of analysis, including temperature or excluding wind speed in Eq. (7) will be shown in Appendix B.
The solution of Eqs. (7) and (8) is given by 
Eqs. (9) and (10) are equivalent to 
Eq. (14) can be applied to grid points which are not used for classification. Finally, the transformation in Eqs. (2) and (3) was reversed as
for temperature and
for wind, where hZi is the average of Z j over the cases, in order to make easier the intuitive understanding of the results. The presentation in the following section is based on B gk obtained in this way.
Results of the cluster analysis
Main features of the clusters
The number of clusters obtained from the FCM decreases with the parameter p in Eqs. (7)- (14) (Fujibe 1989 (Fujibe , 1999 . In the present analysis, the number of clusters is 1 for p b 1:75, 2 for p ¼ 1:65-1.7, 3 for p ¼ 1:5-1.6, and 5 for p ¼ 1:45. Figure 3 shows the five clusters for p ¼ 1:45, hereafter denoted by C1-C5, and the average over all the cases. The average pattern exhibits a cyclonic wind pattern around the center, with substantially higher wind speed on the right side than on the left side. These features are commonly found in each cluster, except for a strong wind area extending in the left-rear quadrant in C4. In more detail, C1 and C5 have a round-shaped strong wind area around the center, with a higher degree of concentration in C5 than C1. In C2, the strong wind area is elongated along the direction of storm motion, with a higher degree of right-left wind asymmetry than C1 and C5. The right-left contrast of wind speed is further enhanced in C3. In these two patterns, isotachs of 5-6 ms À1 run almost parallel to the y-axis. The pattern of C4 is different from others with respect to the strong winds on the left side of the center. The high wind area in C4 has a V-shape surrounding the center, with a zone of weak wind extending forward slightly to the left. Figure 4 shows the distribution of wind speed along the x-axis. The nearly stepwise change near x ¼ 0 in C2 and C3, the left-side peak in C4, and the sharp peak at x @ 30 km in C5 reconfirm the features observed in Fig. 3 . It is to be noted that wind speed has been normalized as in Eqs. (3) and (17), so that there is no meaning in comparing the values of wind speed among clusters.
In an attempt to quantify these features, the following indexes were calculated for each pattern: (1) Radius of maximum wind speed, R max , defined by the distance of the position of maximum wind speed form the center, (2) Wind speed ratio in 100 km/100-200 km ranges, U 100 /U 100a200 , defined by the ratio of average wind speed within 100 km of the center, and that for the 100-200 km range from the center, (3) Right/left wind speed asymmetry, Table 1 lists the values of these indexes averaged for each pattern. The values of R max and U 100 /U 100a200 indicate that the compactness is highest for C5, and decreases in the order of C1, C2, C3, and C4. The degree of right-left asymmetry corresponding to DU R-L /U R and v/U is highest for C3, and also high for C5. Table 2 shows the pattern similarity index between clusters defined by
where B ðWSÞ gk is the pattern of wind speed for the cluster k. If the two patterns are identical, then S kh ¼ 1. It can be seen that C1 and C2 have the highest degree of similarity ðS kh ¼ 0:9933Þ to the average pattern. There is also close similarity ðS kh ¼ 0:9853Þ between C2 and C3. It is often the case that the FCM analysis yields some dominant clusters having a high similarity to one another, with some minor clusters exhibiting different features from others. In this respect, C1-C3 are regarded as ''typical'' wind patterns of TCs that hit the Japan main islands. On the other hand, C5 is the least similar to the average ðS kh ¼ 0:9219Þ, and has relatively low similarity to other four patterns. Figure 5 shows the distribution of divergence and vorticity of the surface wind field. The clusters have common features of strong convergence exceeding 5 Â 10 À5 s À1 within several tens of kilometers of the center, which roughly agrees with the position of maximum convergence. Large vorticity (>5 Â 10 À5 s À1 ) is found mainly in front of the center. For C4, convergence has smoother distribution than others and vorticity is widely spread in the front semicircle, while the weak wind zone in the leftfront quadrant coincides with a region of relatively large convergence (>5 Â 10 À5 s À1 ) and positive vorticity. Figure 6 shows the distribution of temperature and rainfall intensity obtained by applying Eq. (14). Temperature is 2-3 C higher on the right side than on the left side in all the clusters. This is a typical feature of an early stage of ET, in which a TC tends to move northeastward along a baroclinic zone oriented in the northeast-southwest direction (Sinclair 2004 ; north and south are reversed for the Southern Hemisphere). The right column of Table 1 lists the index of right/left temperature difference, DT R-L ¼ T R À T L , defined by the difference of the average temperature in the right and left semicircles (within 200 km of the center). The value of DT R-L is largest in C4, and relatively small in C2 and C3. Rainfall tends to be most intense near or just in front of the center. More specifically, the area of intense rainfall (b8 mm/h) tends to be located on the left-front quadrant of the center, while the largest coverage of b 2 mm/h and b 4 mm/h areas is in the right-front quadrant except C4. The latter feature is similar to the result of Shimazu (1998) , who showed that the inner rain shields of ty- phoons in mature and early weakening stages are most frequently found in the right-front quadrant (or in the northeast quadrant according to the geographical coordinates). On the other hand, C4 has a region of strong precipitation (b4 mm/h) in the left-front quadrant, corresponding to a zone of convergence and strong right-left temperature difference. It is to be noted, however, that rainfall distribution has considerable variations among cases. Table 3 lists the degree of co-membership between clusters defined as
Climatology of the clusters
which is unity if the two clusters are equally shared by each member. There is a comembership of 0.86 between C2 and C3, and 0.68 between C1 and C2, These high values of P kh indicate that these clusters are shared to a high degree, reflecting the similarity in their patterns. On the other hand, P kh is 0.5 or less between C4 and others, and between C5 and others except P 15 , reflecting the relative isola- tion of these two clusters. Figure 7 shows the tracks of TCs which have highest membership to each cluster. There is some regional preference according to clusters. Most of the C1-type TCs make landfall on the southern or western Kyushu, except for some cases passing near Kii peninsula. A similar feature is found for C4. On the other hand, most C2 storms hit the area between eastern Kyushu and Kii peninsula, while the majority of C3 storms hit the Kanto plain. Figure 8a shows the contribution of cases in each seasonal range to each cluster calculated from
where summation is made for TCs belonging to the specified seasonal range. Figures 8b-d show the contribution of cases in each range of central pressure at t 0 , speed and direction of motion, respectively. As an overall feature, there is no bins that are dominated by a single cluster, except for ENE-E moving TCs for which C4 is dominant. This situation implies that wind patterns are not determined by a single factor, but are related to various factors, in different ways according to cases. Nevertheless, there is some seasonality in each cluster; C1 has a relatively high percentage among TCs in September, and C4 in October and November, while C2 and C3 have higher frequencies in summer than autumn. For central pressure, C1 has a high contribution in intense TCs (below 970 hPa), whereas C5 shows a high percentage in TCs above 970 hPa. The contribution of C3 is higher than other clusters in fastmoving TCs (b60 km/h). Table 4 summarizes the main features of the five clusters obtained here.
Supplementary analysis for individual cases
This section presents the wind fields in some individual cases as examples. Then a brief analysis is made on upper-level winds derived from wind profilers and the effect of storm motion. The figures in this section show the unnormalized wind field, namely Z gj rather than z gj in Eq. (3). Table 5 lists the membership ðc jk Þ to each Figures 9 and 10 show the wind fields for six selected cases as examples. Five of them correspond to TCs having maximum membership to each cluster. The remaining one is the case of TC0410 as an example of a northwest moving typhoon. We can see that each case exhibits the main feature of the corresponding cluster, characterized by a compact vortex in TC0421 (C1), conspicuous right-left asymmetry in TC0406 (C2) and TC0111 (C3), the strong wind on the left side with weak wind region spreading forward in TC0423 (C4), and a near-center high wind core in TC0115 (C5). The case of TC0410 invariably shows an asymmetry between the right and left sides in spite of the different direction of motion from others. Table 6 lists intense typhoons with central pressure below 960 hPa for 1979-2000. Many of them have high membership to C1 as already seen in Fig. 8b . Figure 11 shows their wind speed distribution along the x-axis for the upper five cases with central pressure below 950 hPa, and for the next nine cases with 950-960 hPa. The upper five typhoons, which have been classified as either C1 or C2, depending on the wind distribution on the left side, commonly have a sharp peak to the right of the center. The next nine typhoons show more diverse patterns. Figure 12 shows the wind fields at 1.5 km MSL, where the effect of surface friction is expected to be negligible, obtained from the wind profiler data. The wind fields roughly show the same feature as those of surface wind, although the strong wind core near the center of TC0115 is not obvious, probably because of poor horizontal resolution of the wind profiler network. Fujibe (1996) showed that the wind field near the center of a moving typhoon is given by the summation of the gradient wind for the stationary typhoon and the translation velocity, if friction is neglected. Figure 13 shows the stormrelative wind fields obtained by subtracting the storm motion velocity. In the relative wind field, the right-left wind speed difference is largely reduced from the original wind field, except the case of TC0423. This fact confirms that the storm motion is the major cause of right-left wind asymmetry. However, the cases of TC0406, TC0115 and TC0410 still show a slightly stronger wind on the right side than on the left side. A similar feature is found in other TCs in summer (e.g., TC0207, TC0310, TC0411). In contrast, the storm-relative wind in TC0421 and TC0423 is stronger on the left than on the right side. This feature is found in other TCs from September to November (e.g., TC0221, TC0418, TC0422).
Summary and remarks
By applying the FCM, the wind fields of TCs at landfall on central and western Japan were classified into five clusters (C1-C5). All the clusters except C4 exhibit stronger winds on the right side of the center than on the left, with different degree of right-left asymmetry and radial profiles. The patterns of C1 and C5 are characterized by a strong wind core around the center, while C2 and C3 have a higher degree of right-left asymmetry. The pattern of C4 is characterized by a V-shaped strong wind area extending to the left-rear of the center, with a weak wind zone in the forward slightly to the left. Although these patterns commonly have a cyclonic vortex around the center, the distribution of vorticity and precipitation is not strictly symmetric, indicating that the storm structure has begun to deviate from that of a typical TC. The right-left asymmetry in wind speed reconfirms the importance of storm motion on the wind fields of TCs. The analysis of the wind profiler data has given a convincing evidence that the right-left asymmetry is roughly explained by the storm motion. However, the storm-relative fields still retains some asymmetry, with stronger winds on the right side in summer and on the left side in autumn. Correspondingly, the right-left wind speed difference tends to be more conspicuous in summer TCs than autumn ones.
The wind pattern of C1 is close to the traditional image of mature TCs, characterized by a strong wind area concentrated near the center.
It is believed that intense, mature typhoons generally have a sharp wind peak near the center. Fujii (1998) statistically showed that intense TCs tend to have a smaller radius of maximum cyclostrophic wind than weak ones. The result of the present study agrees with that of Fujii (1998) , with respect to the high C1 membership of intense typhoons.
The high right-left asymmetry of C2 and C3 implies the strong effect of storm motion. In fact, the high percentage of C3 in fast-moving TCs indicate the contribution of storm motion in generating the C3 pattern. However, there are many C2 and C3 cases with low moving speed (Fig. 8b) , implying that the asymmetric wind field is not solely attributable to storm motion, but also to other factors such as the storm structure itself, and topographic effects discussed in a later paragraph.
The V-shaped strong wind area in C4 is similar to the ''horseshoe-like appearance'' often observed in a stage of ET (Edson 2004; KitabaFig. 13 . Same as Fig. 12 , but for the storm-relative wind. Isotachs are every 3 ms À1 .
take 2005). As shown in Figs. 5 and 6, the weak wind zone is accompanied by convergence, positive vorticity, intense precipitation and strong temperature gradient, implying the presence of an ana-front. The large right-left temperature difference, and the high moving speed of C4 are also a sign of ET, corresponding to the high percentage of C4 cases after middle autumn (October and November). It is to be noted that the C4 TCs can still have the intensity enough to cause wind damage, not only on the right but also on the left side of the center. For example, TC0423 was accompanied by peak gust exceeding 50 ms À1 at some stations more than 100 km to the left of the track.
The pattern of C5 is characterized by compactness. As seen from Fig. 8b , C5 has a high membership in relatively weak TCs, which can be regarded to be in the mature stage but of a small size. It is interesting that C5 has a high degree of right-left asymmetry (DU R-L /U R and v/U in Table 1 ), in spite of the compact structure. This can be explained by the relatively strong effect of storm motion in comparison to the weaker storm circulation, corresponding to the higher central pressure than other patterns.
The regional preferences of the clusters (Fig.  7) imply the importance of topographic effects on wind patterns. The high percentage of C3 cases in the Kanto district may be explained in terms of barrier effect of the Central Mountains (Fig. 1) , where low-level air in valleys and on mountain sides is often stagnant, with a region of strong wind over the coastal area (Harada 1981; Fujibe 1990 ), resulting in a wind pattern like C3. Moreover, the TC track itself can be deflected by orography (Yeh and Elsberry 1993a; Lin et al. 2002 ) so as to pass around the Central Mountains onto the Kanto plain. On the other hand, the high frequency of C1 and C4 in southern and western Kyushu, and the Kii peninsula, is likely to correspond to the land-sea disposition with coastlines on the western side, where small friction at sea surface intensifies the winds in the left semicircle and results in small right-left asymmetry. However, there are many examples in which TCs of similar tracks have different wind distributions, as TC0111 and TC0115 (Fig. 9) , and TC0418 and TC9119 (Fujibe et al. 2007 ). Thus, the topographic effect cannot explain all the differences among clusters.
These discussions indicate the variety of factors controlling the wind fields in TCs. It is not rarely that two cases of similar wind patterns are generated by totally different physics, such as the ET and topographic effects. Detailed case studies will reveal more precise features and physical processes of TC wind fields, while our present result will provide statistical guidelines to understand the climatological meaning of each case.
Since our analysis is confined to TCs on landfall in western and central Japan (south of 36 N), the results correspond to a relatively early stage of weakening or ET. In many cases the structure of cyclones changes rapidly after they make landfall and move northward, with highly complicated wind distribution in some cases (e.g., Fujibe 1993) . It requires further analysis to find the climatological features of wind fields in TCs after landfall.
Appendix A Method of the composite analysis
The composite analysis consists of interpolating the values on grid points from a series of observation data on the coordinates with the origin as the storm center. The interpolation is based on the concept of Cressman's (1959) successive correction method, but the original method has been improved in that, (1) the spatial resolution of interpolation is dependent on the local network density, and (2) the interpolation is based on a least-squares fitting of a linear function. The procedure is made up of the following steps.
A1.1 Definition of the local network density
The network density around the data point i is defined by
where j is the data point (including the point i itself ), r ij is the distance between the points i and j, and R 0 is a given parameter corresponding to the radius of the area, for which r i is defined. The present analysis is based on R 0 ¼ 20 km.
A1.2 Initial guess
The initial guess at a grid point g is calculated by the least-squares condition
where Z Ã i is the observation at point i, x ig and y ig are the eastward and northward distance between the data point i and the grid point g, and p, q, and Z g are least-squares coefficients in which Z g gives the interpolated value at the grid point g. If there is no data point within 50 km of the grid point, then Z g is left unavailable. The weight W ig is defined by
where r 
so that n ¼ r i pr 2 eff .
A1.3 Successive correction
For each data point, the difference between the observation and the interpolated value averaged for the surrounding four grid points, DZ Ã i was calculated. Then the correction for the grid point g was calculated by
with the weight
where n 0 is a given parameter corresponding to the number of data points contributing to correction.
In obtaining the composite fields from hourly data (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) , the value n ¼ 30 was used. The successive correction was applied with n 0 ¼ 15, and then with n 0 ¼ 10. These values were chosen simply by trial and error so that the interpolated fields are not too rugged nor too smooth. In the analysis of ten-minute data (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) , which provides six times more effective data points than the hourly data, values of n ¼ 180, n 0 ¼ 90, and n 0 ¼ 45 were used. The value of n 0 in the second correction is not six times of that used for the hourly data, because n 0 ¼ 60 was found to result in too smooth fields.
Appendix B Difference of results according to options in the analysis
A series of calculation was made by changing some parameters and procedure in the analysis in order to see their influence on the classification. Table B lists the eight optional runs. Each of these runs yields clusters having the same features as C1-C5, although there are some redistribution of intermediate cases affecting the number of clusters. As an example, Fig. B shows the cluster similar to C4 obtained in each run except g and h, which yielded results very close to that of the main analysis. There is a common feature characterized by a Vshaped high wind area with a weak wind region extending forward from the center. Even in the p ¼ 1:5 case which gives only three clusters, a pattern similar to C4 is obtained. Thus our analysis is not sensitive to minor changes in parameters and procedure.
More detailed comparison reveals that the no adjustment run (a) tends to enhance right-left asymmetry, with the maximum wind area shifting behind and away from the center (not shown). This feature can be attributed to the high wind speed observed at coastal stations, especially at small islands and capes, which are most often located in the right-rear (southern) quadrant of the storm at landfall on the southern coast.
In the case of the north-oriented coordinate (b), all but one cluster (including the pattern shown in Fig. B) have a strong wind area on the southeastern side, reflecting the northeastward motion of most TCs. However, there is an additional cluster which has a strong wind area in the northeastern quadrant, corresponding to some TCs moving to the northwest. This pattern should be mixed into others if the difference of storm motion is removed. In this re- 
